We studied 12 Japanese families of cytochrome b558 (b) negative chronic granulomatous disease (13 patients and 23 family members) and 15 controls for cytochrome b content, O2-, and H202 production. Cytochrome b content (nmol/10 s cells), 03-production (nmol/107 cells/ min), and percentage of H202 generating cells (~) were 1) 0.45-1.19, 64.1-174.2, and 85.8-100.0 in controls (mean_2 S.D.), 2) 0.13-0.38, 22.6-50.9, and 20.0-62.4 in healthy carriers, and 3) undetectable, undetectable, and 0 in patients, respectively. These findings indicate that healthy carriers and normal homozygotes are separable by these three parameters, and that 4 of the 12 families studied represent fresh gene mutation. Pooling of data by Segal et al., Ohno et al., and ours yielded the overall incidence of a fresh gene mutation to be 19.4~ (7 of 36 cases). The lower fresh mutation rate than predicted from Haldane's formula suggests a higher mutation rate in males than in females, as previously suggested in Duchenne muscular dystrophy.
INTRODUCTION
A substantial number of individuals with a lethal form of X-linked recessive disorder are believed to represent a fresh gene mutation arising from unaffected parents, as formulated by Haldane (1935) . For classical cytochrome b~ s (b) negative X-linked CGD, however, there have been two conflicting reports: the incidence of sporadic occurrence being 16 ~ (3 in 19 subjects) as studied by Segal et al. (1983) , and 0 H (none in 8 subjects) as studied by Ohno et al. (1986) . We measured cyto-chrome b content in polymorphonuclear ceils (PMNs) from 13 CGD patients and 23 family members from 12 CGD families using low temperature absorption spectroscopy. This method enabled us to obtain accurate quantitative results based on fine absolute spectra of cytochrome b in intact cells in situ. In addition, 02-and H202 production were measured in all the patients and selected families. By these methods, asymptomatic family members were separable into healthy carriers and normal homozygotes.
SUBJECTS
The subjects consist of 13 patients (10 males and 3 females, 2-22 years of age) and the 23 family members (9 mothers, 6 fathers, 5 sisters, and 3 brothers, 6-50 years of age) from 12 families (Fig. 1) , and 15 controls (11 males, 4 females, 24-35 i 2 C.
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Family trees of 12 CGD families studied. I, affected male; ~, affected male by clinical history; D, unaffected male; JZf, male who died in infancy from unknown cause; (~), heterozygous female in X-linked recessive inheritance; hi, heterozygous male in autosomal recessive inheritance; El, died; [~, tested; if, proband, years of age). Of the 12 families, there are 10 with one or two male patients and 2 with one or two female patients. All the patients had severe recurrent bacterial infections from early infancy and were diagnosed as having CGD by impaired bacterial killing and defective 02-production in their infancy in Keio University Hospital during a period of . All the family members were asymptomatic.
METHODS
Cytochrome b was measured in PMNs in 13 patients and 23 family members (9 mothers, 6 fathers, 5 sisters, and 3 brothers), 0 2-production and H20 2 production by PMNs were measured in 13 patients and 16 family members (7 mothers, 4 fathers, 4 sisters, and 1 brother), and in 13 patients and 8 family members (5 mothers, i father~ and 2 sisters), respectively.
1) Isolation of PMNs.
PMNs were isolated with ficoll/dextran method (Iizuka et al., 1985) from 10 ml of venous blood anticoagulated with heparin and suspended in Hanks' balanced solution, pH 7.4. More than 90~ of the isolated cells were identified to be neutrophils. spectrum of the cells was recorded at 77K (liquid nitrogen temperature) according to the method of lizuka et al. (1985) (Fig. 2) . The extinction coefficient e5~s-~Ta was determined as 45.2 mM-~cm -1 by using solubilized cytochrome b under experimental condition.
3) Assay of 02 and H20~ production. PMNs (1-3 x 106 cells/ml) were stimulated by phorbol myristate acetate (PMA, 10 -7 raM) at 37~ andQ-production was determined from superoxide dismutase inhibitable reduction of cytochrome c as described previously (Bulter et al., 1975) . H~O2 production was assayed by flow cytometry as described Bass et al. (1983) .
RESULTS

1) Cytochrome b content in PMNs
Cytochrome b content ranged from 0.45 to 1.19 nmol/10 s cells (mean_+2 S.D.) in 15 controls, and was undetectable in all the 13 patients. In the 23 family members studied, 4 mothers (family A, B, C, D), 1 father (family K), 2 sisters (family A, B), 1 brother (family K) yielded values of 0.13-0.38 nmol/10 s cells, and 5 mothers (family E, F, G, H, L), 5 fathers (family A, B, C, I, L), 3 sisters (family G. K, L), 2 brothers (family C, K) yielded values of 0.44-1.02 nmol/10 s cells (Table 1) .
2) 0(-production
O~-production ranged from 64.1 to 174.2 nmol/107 cells/rain (mean_+2 S.D.) in 11 controls studied, and was undetectable in all the 13 patients. In the 16 family members studied, 3 mothers (family A, B, C) and 2 sisters (family A, B) yielded values of 22.6-50.9 nmol/107 cells/rain, and 4 mothers (family E, F, G, L), 4 fathers (family A, B, I, I.), 2 sisters (family G, L), 1 brother (family C) yielded values of 71.7-186.7 nmol/107 cells/rain (Table 1) .
3) H~02 production I-I202 production ranged from 85.8 to 100.0% (mean+2 S.D.) in 15 controls, and was 0~ in all the 13 patients. In the 8 family members studied, 1 mother (family B) and 2 sisters (family A, B) yielded values of 20.0-62.4~, and 4 mothers (family E, G, H, L) and 1 father (family B) yielded values of 90.1-100.0~ (Table 1) . Three family members with low H202 production showed two peaks of H2Oz productive and non-productive cells in their charts and were identified as obligate heterozygotes (Fig. 3) . (Fig. 4) In all the membeis of 7 families (family A, B, C, E, F, G, I, n--20), both cytochrome b and 02-production were measured. There was a close correlation between the two parameters (r =0.94, p < 0.01). Assay for H~O2 production by flow cytometry. Fluorescence distribution of resting and stimulated PMNs from a normal subject, a cytochrome bs~s negative CGD patient and an obligate heterozygote. A, resting stage; B, stimulated stage by PMA (100 ng/ml). The histograms represent numbers of cells (on the ordinate) as a function of fluorescence intensity (on the abscissa).
4) Correlation between cytochrome b content and 02-production
DISCUSSION
There are two hereditary forms of cytochrome b negative CGD: autosomal recessive and X-linked recessive inheritance (Curnutte, 1988) . Based on the results of the present study utilizing 3 parameters, cytochrome b content, 02-production, and H202 production, the mode of inheritance in our 12 families was assigned as autosomal recessive (1 family, K), X-linked recessive (3 families, A through C), probable X-linked recessive (1 family, D), sporadic (4 families, E through H), Xlinked recessive or sporadic (1 family, I) and undetermined (2 families, J and L). Excluding 1 family with autosomal recessive inheritance and 2 uninformative families, the members of the 9 families (A through I) were unequivocally separable into 2 groups: 6 healthy carriers (4 mothers and 2 sisters) and 10 normal homozygotes (4 mothers, 4 fathers, 1 sister, and 1 brother). Since only 8 autosomal recessive cases of cytochrome b negative CGD were reported to date in the world literature (Weening et al., 1985; Lomax et al., 1988; Okamura et al., 1988; Parkos et al., 1989) , sporadic cases of cytochrome b negative CGD are most likely due to a fresh mutation in cytochrome b gene on the X chromosome. Thus, we suspect that such a mutation occurred in at least 44 ~ of our subjects (4/9). Relationship between cytochrome bs~s content and 02-production of PMNs from 7 classical CGD families. There is a close correlation between the two parameters (r=0.94, p~0.01), and normal homozygotes (n=8) were clearly separable from healthy carriers (n=5) and CGD patients (n=7). Shaded area indicates normal ranges for cytochrome b55s content (0.45-1.19 nmol/10 s cells) and 02-production (64. l-174.2 nmol/107 cells/min).
Regarding the proportion of sporadic cases in cytochrome b negative CGD, 2 conflicting studies have been reported. Segal et al. (1983) reported 3 sporadic cases in 19 families studied, utilizing cytochrome b assay and PMA-stimulated nitroblue tetrazolium (NBT) slide test for carrier detection. In these 19 families with exclusively male patients (5 families with 2 patients and 14 families with a single patient), 16 mothers were carriers and 3 mothers were normal homozygotes. Ohno et al. (1986) failed to identify any sporadic cases in 8 families (2 families with 2 patients and 6 families with a single patient), using PMA-stimulated NBT slide test for carrier detection. In our 9 families, there were 2 families with 2 patients and 7 families with a single patient. Since the proportion of isolated cases was nearly identical in the three reports and all of these cases had early onset X-linked cytochrome b negative CGD, we presume that ascertainment bias inherent to small number of cases studied may be a major factor in the wide disparity among the proportion of sporadic cases (0, 16, 44~) . In order to minimize this bias, we pooled the data from these three reports and obtained 19.4~ (7/36) as the proportion of sporadic cases.
-fhe figure of 19.4 To is significantly lower than 33 T0, as expected by Haldane's formula. We speculate that the discrepancy may be due to higher mutation rate in male gametes than in female gametes (Vogel and Rathenberg, 1975) . According to Haldane's formula (Haldane, 1935) for the proportion of sporadic cases in Xlinked recessive disorder; m=(l-f)u/(2u+v) (m=proportion of sporadic cases, u mutation rate in female gametes, v=mutation rate in male gametes, f--fertility), two factors, fertility and differential mutation rates in both sexes, influence the proportion of sporadic cases. Because classical CGD was a lethal disease during the parents' generation of our patients, m is simplified to u/(2u+v) (f=0). Thus, to yield the figure of 19.4~, sex ratio of mutation rates (v/u) is calculated to be 3.2 for the 36 CGD patients of the three reports. Similarly, Barbujani et al. (1990) described that the proportion of sporadic cases in a lethal sex-linked recessive disease, Duchenne muscular dystrophy (DMD), was 23~ and ascribed the lower proportion of sporadic cases to higher mutation rate in male gametes as compared with those in female gametes.
Germline mosaicism has been documented in some X-linked recessive diseases, including DMD (l~akker et al., 1987) , hemophilia A (Levinson et al., 1990) , and ornithine transcarbamylase defciency (Brusilow and Valle, 1987) . It has been proposed that in DMD, 5-7% of apparent fresh gene mutations were indeed due to germlil~e mosaicism (Hall, 1988; l~akker et al., 1989) . Although the relative incidence of germline mosaicism in cytochrome b negative CGD has not been estimated, u.e presume lhat such a mosaicism may also be relevant to this entity. Therefore, recurrent risk should be considered even in a family with apparent fresh mutation in the genetic counseling of CGD.
Further, we have to admit that our family studies are incomplete and that lhe distinction between healthy carriers and normal homozygotes by the biochemical methods is not absolutely reliable. Nonetheless, we conclude that the proportion of sporadic cases in cytcchrome b negative X-linked CGD is significantly lower than that expected by Haldane's formula and is similar to that of DMD.
